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Introduction
Endocannabionoids (eCBs) are lipid messengers which produce their physiological effects via the activation of specific cannabinoid receptors (Devane et al. 1992; Mechoulam et al. 1995; Suguira et al. 1995) . Two cannabinoid receptors have been cloned, CB 1 (Matsuda et al. 1990) and CB 2 receptors (Munro et al., 1993) . Both receptors are coupled to the pertussis toxinsensitive G-protein, G o/i Felder et al. 1995) . CB 1 receptors are predominantly expressed in the central nervous system (Herkenham et al. 1991; Matsuda et al. 1993; Egertova and Elphick, 2000) . In contrast, CB 2 receptors were initially thought to be expressed mainly by immune and blood cells (Munro et al. 1993) , but recent studies have reported the expression of these receptors in the central nervous system (Van Sickle et al. 2005; Ashton et al. 2006 ).
The cannabinoid system has been implicated in a myriad of physiological functions, including the regulation of emotional states. In humans, the recreational use of cannabis induces euphoria associated with a decrease in anxiety (Thomas, 1996) , whereas chronic cannabis abuse can lead to increased anxiety and panic attack (Hall and Solowij, 1998; Tournier et al. 2003) . Similarly, behavioral studies in animals have shown that CB 1 receptor agonists can exert both anxiolytic (Berrendero and Maldonado, 2002; Marco et al. 2004 ) and anxiogenic effects (Arevalo et al. 2001; Genn et al. 2004) , depending on the doses and behavioral models used. Genetic deletion or pharmacological blockade of CB 1 receptors increases anxiety related behavioral responses (Arevalo et al. 2001; Haller et al. 2004 ). Furthermore, pharmacological enhancement of eCB signaling through the blockade of eCB hydrolysis and/or uptake reduces anxiety related behaviors (Kathuria et al. 2003) . This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on July 10, 2009 as DOI: 10.1124 at ASPET Journals on April 29, 2016 jpet.aspetjournals.org Downloaded from JPET#153858 5 Serotonin (5-HT) neurons of the dorsal raphe (DR) are critically involved in the regulation of mood, including anxiety (for review see, Gordon and Hen, 2004) . Results from anatomical studies have shown that the DR expresses CB 1 receptors (Herkenham et al. 1991; Matsuda et al. 1993; Tsou et al. 1998; Häring et al. 2007 ) and the enzymes responsible for the synthesis and metabolism of eCBs (Egertova et al. 2003 ), suggesting that eCBs may play an important role in the regulation of the 5-HT system. Consistent with this prediction, activation of CB 1 receptors has been shown to inhibit 5-HT release (Nakazi et al. 2000; Tzavara et al. 2003 ) and modulate the firing activity of DR 5-HT neurons in vivo (Bambico et al. 2007) . Furthermore, behavioral studies in animal models have suggested that the anxiolytic-like effects of eCBs are mediated, at least in part, through modulation of the 5-HT system (Griebel et al. 2005 ).
Despite the critical role of eCBs and 5-HT systems in regulating emotional states, little is known about the cellular mechanisms by which eCBs modulate the excitability of DR 5-HT neurons. In this study, we show that, while eCBs and CB 1 receptor agonists have no effect on the intrinsic excitability of DR 5-HT neurons, they strongly inhibit glutamatergic synaptic transmission to DR 5-HT neurons. More importantly, we find that DR 5-HT neurons can release eCBs in an activitydependent manner, which in turn mediate retrograde inhibition of glutamate release in the DR.
Methods
Slice preparation. All experimental procedures were performed in accordance with the University at Buffalo Institutional Animal Care and Use Committee guidelines. Brainstem slices containing the dorsal raphe nucleus (DR) were prepared from 3 to 4 weeks old male Sprague-Dawley rats using a standard method (Haj-Dahmane, 2001) . Briefly, rats were anesthetized with This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on July 10, 2009 as DOI: 10.1124 at ASPET Journals on April 29, 2016 jpet.aspetjournals.org Downloaded from JPET#153858 6 halothane and killed by decapitation. The brain was quickly removed and placed in cold choline chloride based ACSF solution of the following composition (in mM): 110 Choline-Cl; 2.5 KCl; 0.5 CaCl 2 ; 7 MgSO 4 ; 1.25 NaH 2 PO 4 ; 26.2 NaHCO 3 ; 11.6 Sodium L-ascorbate; 3.1 Sodium pyruvate, 25 Glucose and equilibrated with 95% O 2 /5% CO 2 . A block of brain tissue containing the area of the DR was dissected, and coronal slices (300 to 400 μm) were cut using a vibratome (Lancer series 1000; Ted Pella Inc., Irvine, CA). Slices were transferred into a holding chamber containing regular ACSF (in mM): 119 NaCl; 2.5 CaCl 2 ; 1.3 MgSO 4 ; 1 NaH 2 PO 4 ; 26.2 NaHCO 3 ; 11 glucose continuously bubbled with a mixture of 95%O 2 /5%CO 2 and incubated for 30 to 45 min at 35°C. Slices were allowed to recover at room temperature for at least 1 h before recordings were conducted. After recovery, slices were transferred one at a time to a recording chamber mounted on a fixed upright microscope and continuously perfused with standard ACSF saturated with 95% O 2 /5% CO 2 at 30 ± 1°C.
Whole -cell recordings. DR neurons were visualized using an upright microscope (Olympus BX 51 WI) equipped with a Differential Interference Contrast and Infra-Red imaging system. Somatic recordings were obtained with patch electrodes (3 -5 MΩ) filled with a solution containing (in mM): 120 potassium gluconate; 10 KCl; 10 Na 2 -phosphocreatine, 10 HEPES; 1 MgCl 2 ; 1 EGTA; 2 Na 2 -ATP; 0.25 Na-GTP, pH = 7.3 (adjusted with KOH; osmolarity; 280 to 290 mOsmol/L). 5-HT neurons were identified using previously established criteria (Aghajanian and Vandermaelen, 1982; Haj-Dahmane, 2001) . Synaptic currents were recorded with a cesium methanosulfonate based solution of the following composition (in mM): 120 Cs Methanesulfonic acid; 5 TEA-Cl; 10 Na 2 -phosphocreatine, 10 HEPES; 1 QX 314; 1 MgCl 2 ; 1 EGTA; 2 Na 2 -ATP; 0.25 Na-GTP, pH = 7.3 (adjusted with Cs-OH; Osmolarity; 280 to 290 mOsmol/L). In some experiments, to increase the calcium buffering capacity of the pipette This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on July 10, 2009 as DOI: 10.1124 at ASPET Journals on April 29, 2016 jpet.aspetjournals.org Downloaded from JPET#153858 7 solution, 25 mM Cs methanosulfonic acid was replaced with 25 mM BAPTA tetracesium salt.
The estimated liquid junction potentials for the potassium gluconate and cesium methanosulfonate based pipette solutions were 5 and 15 mV, respectively. Membrane potentials were corrected for the liquid junction potentials.
Stimulation and recordings.
Stainless-steel concentric bipolar stimulating electrode (Inner pole diameter = 25 μm; FHC, Bowdoinham, ME) was placed 50 to 100 μm dorsolateral to the recording sites. Excitatory postsynaptic currents (EPSCs) were evoked with a single square-pulse (intensity = 5 to 20 V; duration = 100 to 200 μs) delivered at 0.1 Hz in neurons voltage-clamped at -70 mV. All recordings were performed in the presence of picrotoxin (100 µM) and strychnine (20 µM) to block GABA A and glycine receptors, respectively. For depolarization-induced suppression of excitation (DSE) experiments, eEPSCs were evoked at 0.33 Hz before (8 to 10 eEPSCs) and after membrane depolarization to 0 mV (3 to 5 s duration) from a holding potential of -70 mV (30 to 40 eEPSCs). Membrane currents were amplified with an Axoclamp 2B amplifier (Molecular Devices, Union City, CA), filtered at 3 kHz, digitized at 20 kHz with Digidata 1200 and acquired using the pClamp 9 software (Molecular Devices, Union City, CA).
Access resistance (10 -20 mΩ) was monitored online using 5 mV hyperpolarizing voltage steps (200 ms duration). Recordings were discarded when the access resistance changed by >10%. Data analysis. The amplitude of eEPSCs was determined by measuring the average current during a 2 ms period at the peak of each EPSC and subtracted from the average baseline current determined during a 5 ms window taken before the stimulus artifact. All eEPSC amplitudes were normalized to the mean baseline amplitude recorded for at least 10 min before drug application. Tetraacetic Acid tetracesium salt (BAPTA tetra cesium) were purchased from Alomone Labs (Jerusalem, Israel) and Molecular Probes (Eugene, OR), respectively. All drugs were administered by bath application. To reach the steady state, anandamide and theCB 1 agonist were applied for at least 20 min. For the experiments using CB 1 receptor antagonist, slices were preincubated with AM 251 for at least 30 min before testing the effect of CB 1 agonists on the amplitude of eEPSCs.
Results
Effects of eCBs on the intrinsic excitability of DR 5-HT neurons
To examine the impact of eCBs on the excitability of DR 5-HT neurons, we first tested the effect of anandamide on the resting membrane potential of DR 5-HT neurons. We found that bath application of anandamide (10 to 30 µM) did not significantly affect the resting membrane potential of DR 5-HT neurons ( Fig. 1A , n = 10). The average resting membrane potentials measured before and during anandamide application were -60 ± 3.5 mV and -59 ± 2.9 mV, respectively ( 
eCBs inhibit glutamatergic transmission to DR 5-HT neurons via CB 1 receptors activation
Previous in vivo and in vitro electrophysiological studies have shown that the electrical activity of DR 5-HT neurons is under the control of glutamatergic inputs, and that modulation of glutamate synapses in the DR plays an important role in the overall regulation of serotoninergic transmission (Levine and Jacobs, 1992; Pan and Williams, 1989) . Therefore, we next investigated whether eCBs could modulate excitatory synaptic transmission to DR 5-HT neurons. As reported previously (Haj-Dahmane and Shen, 2005) , in the presence of picrotoxin (100 µM) and strychnine (20 µM) to block GABA A and glycine receptors respectively, local electrical stimulations of the DR evoked fast excitatory postsynaptic currents (eEPSCs) in DR 5-HT neurons voltage clamped close to their resting membrane potential (-70 mV). These eEPSCs were blocked by the selective AMPA receptor antagonist, GYKI 52466 (50 µM), indicating that they were mainly mediated by AMPA receptors ( Fig. 2A , n = 7). Bath application of anandamide (30 µM) induced a strong reduction in the amplitude of eEPSCs. On average the amplitude of eEPSC was reduced to 58 ± 8% of baseline (n = 8; p < 0.01; Fig. 2B ). The anandamide-induced depression of eEPSC amplitude persisted even after extensive wash out, which is likely due to the high lipophilicity of anandamide. This article has not been copyedited and formatted. The final version may differ from this version.
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Because anandamide is also an agonist for vanilloid receptors (Zygmunt et al., 1999; Smart et al., 2000) , the inhibition of eEPSC amplitude could be attributed to the activation of vanilloid receptors, cannabinoid receptors, or both. To distinguish between these possibilities, we tested the effect of anandamide in the presence of AM 251, a selective CB 1 receptor antagonist. We found that pretreatment of slices with AM 251 (3 µM) totally abolished the anandamide-induced depression of eEPSC amplitude (102 ± 6.5% of baseline, p = 0.25, Fig. 2A, = 8 ), suggesting that it was mediated by activation of CB 1 receptors.
To further examine the role of CB 1 receptor activation in the modulation of EPSCs, we tested the effect of Win 55,212-2, a synthetic CB 1 receptor agonist, on the amplitude of eEPSCs recorded in control slices and slices treated with the CB 1 receptor antagonist AM 251 (3µM) . As 
CB 1 receptors inhibit glutamate release in the DR
In other brain regions, activation of CB 1 receptors has been shown to inhibit synaptic transmission by reducing neurotransmitters release (Auclair et al. 2000; Azad et al. 2003; Shen et al. 1996) . To test whether a similar mechanism also mediates the depression of EPSCs observed in DR 5-HT neurons, we examined the impact of CB 1 receptor activation on the paired pulse ratio (PPR) and coefficient of variance (CV), two parameters that measure changes in neurotransmitter release at central synapses (Perkel and Nicoll, 1993; Dobrunz and Stevens, 1997) . As illustrated in figure 3B , two consecutive stimuli with a 30 ms inter-stimulus interval induced a pair of EPSCs with the second EPSC amplitude larger than the first EPSC. This paired pulse facilitation was observed in most DR 5-HT neurons examined ( Fig. 3C , n = 8).
Administration of Win 55,212-2 (10 µM) reduced the amplitude of both EPSCs. However, the inhibition of the first EPSC was more profound than the second EPSC, resulting in a significant increase in the PPR (PPR control: 1.25 ± 0.09, PPR Win 55,212-2: 1.98 ± 0.125, n = 8; p < 0.05; paired t-test, Fig 3D) . This effect was totally blocked by AM 251 (3 µM, Fig. 3C , In AM 251, PPR control = 1.32 ± 0.035, PPR Win = 1.12 ± 0.023). The Win 55,212-2-induced inhibition of EPSCs was also associated with an increase in the CV (control: 0.189 ± 0.013; Win 55,212-2: 0.369 ± 0.033 n = 8: p < 0.05, paired t-test, Fig. 3E ). The increase in PPR and CV suggests that the depression of EPSC induced by the activation of CB 1 receptors is mainly mediated by a presynaptic mechanism.
To determine the locus of CB 1 receptor-mediated suppression of glutamatergic synaptic 
Glutamate synapses of DR 5-HT neurons express DSE
During the course of this study, we found that a strong membrane depolarization of DR 5-HT neurons also induced an inhibition of eEPSC amplitude. As illustrated in figure. 5A, in a DR 5-HT neuron voltage clamped at -70 mV, a brief (5 sec) depolarizing voltage step from -70 to 0 mV resulted in a reduction of the subsequent eEPSC amplitude. The eEPSCs from 11 out of 15 neurons tested were depressed by more than 50 %. While in the remaining neurons (4 out of 15 neurons) membrane depolarization to 0 mV resulted in a very modest reduction of the eEPSC amplitude (less than 5 %). On average the amplitude of eEPSCs measured immediately following membrane depolarization was reduced to 57. 4 ± 5.6 % of the baseline level ( Fig. 5B , n = 15, p < 0.05). The suppression of eEPSC amplitude was short lasting, as the amplitude of eEPSC recovered to pre-depolarization level with a time constant of 30.5 ± 8.8 s (Fig. 5B, n = 15 ). This form of short-term synaptic plasticity is called depolarization-induced This article has not been copyedited and formatted. The final version may differ from this version. suppression of excitation (DSE) and has previously been reported at glutamate synapses in other brain areas such as the cerebellum (Kreitzer and Regehr, 2001) , hippocampus (Ohno-Shosaku et al. 2002) and the ventral tegmental area (Melis et al. 2004) .
Previous studies have shown that DSE observed in other brain areas requires an increase in postsynaptic intracellular calcium (Kreitzer and Regehr, 2001, Melis et al. 2004) . To determine whether an increase in postsynaptic intracellular is required for the induction of DSE in DR 5-HT neurons, we examined the effect of buffering postsynaptic intracellular calcium with BAPTA (25 mM) on the magnitude of DSE. We found that dialysis of neurons for at least 10 minutes with BAPTA (25 mM) containing internal solution completely prevented the induction of DSE ( Fig. 6A , control: 52 ± 1.5 % of the baseline; BAPTA: 102 ± 3.5% of the baseline, p < 0.05, n = 8). These results indicate that the rise in postsynaptic intracellular calcium induced by membrane depolarization is required for the induction of DSE in DR 5-HT neurons.
In theory, an increase in postsynaptic intracellular calcium could inhibit the amplitude of eEPSCs by reducing the number and/or function of postsynaptic AMPA receptors, inhibiting glutamate release, or a combination of both these effects. To address this issue, we measured the PPR before and during DSE to assess changes in the probability of neurotransmitter release. As illustrated in figure 6B , in all neurons tested, DSE was associated with an increase in PPR. On average the mean PPR increased from 1.14 ± 0.03 in the control condition to 1.57 ± 0.06 during DSE (Fig. 6B , n = 5, p < 0.05, paired t-test). This finding indicates that DSE was mediated by a presynaptic mechanism involving a decrease in glutamate release. This article has not been copyedited and formatted. The final version may differ from this version. The above results suggest that while DSE is initiated by a rise in postsynaptic intracellular calcium, it is mediated by presynaptic decrease in glutamate release. One possible interpretation of these findings is that depolarization of DR 5-HT neurons and the subsequent increase in intracellular calcium induces the release retrograde signals that inhibit glutamate release. A number of retrograde signals have been shown to modulate synaptic transmission at central synapses, including eCBs (for review see, Alger, 2002) , which have been shown to mediate DSE in other brain regions (Kreitzer and Regehr, 2001, Melis et al. 2004 ). Therefore, we examined whether the induction of DSE in DR5-HT neurons is mediated by retrograde eCB messengers.
To that end, we tested the effect of CB 1 receptor antagonist, AM 251 on the magnitude of DSE.
As illustrated in figure 7A , in control condition a depolarizing voltage step of DR 5-HT neurons elicited a strong DSE (51.5 ± 1.5 % of baseline, n = 9, p < 0.05 paired t-test). Bath administration of AM 251 (3µM) did not significantly affect the baseline amplitude of eEPSC, but totally abolished the induction of DSE (98.8 ± 3.5 % of baseline, n = 9, p > 0.05). These results indicate that activation of CB 1 receptors is necessary for the DSE induction and eCBs are likely the retrograde messengers released from DR 5-HT neurons.
Unexpectedly, in addition to blocking DSE, we found that in the presence of AM 251, . Therefore, to test whether a similar mechanism also mediates DPE in the DR, we examined the effect of d-AP5 (50 µM), an NMDA receptor antagonist on the magnitude of DPE.
We found that blockade of the NMDA receptors had no significant effects on the magnitude of DPE (control = 156.7 ± 5.3 % of baseline, d-AP5 = 152.8 ± 3.8 % of baseline, n = 5, p > 0.05, Fig. 7B ). These results indicate that the induction of DPE in the dorsal raphe is unlikely to be mediated by retrograde release of glutamate acting on presynaptic NMDA receptors. Future studies are required to precisely determine the mechanism underlying the DPE.
To further test whether DSE is mediated by retrograde eCBs acting on CB 1 receptors, we examined the ability of CB 1 agonist to occlude DSE. As expected, bath application of the CB 1 receptor agonist, Win 55,212-2 (10 µM) induced an inhibition of eEPSC amplitude (Fig. 7C, n =   6 ). More importantly, in the presence of Win 55,212-2, depolarization of DR 5-HT neurons failed to induce an additional inhibition of eEPSC amplitude (Fig. 7D) . On average the magnitude of DSE induced by membrane depolarization in the absence and presence of Win 55,212-2 was 51.5 ± 2.3 % of baseline and 8.9 ± 6.5 % of baseline, respectively (Fig. 7D , n = 6, p < 0.05). The blockade of DSE during perfusion of Win 55,212-2 can not be attributed to a run down phenomenon, because in the absence of Win 55,212-12 the same experimental protocol induced a stable DSE (Fig. 7E, n = 4) . The finding that CB 1 agonists mimic and occlude DSE along with the observation that CB 1 antagonist abolishes DSE induction clearly indicate that retrograde eCB messengers mediate DSE at glutamate synapses of DR 5-HT neurons.
Discussion
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The functional interaction between the eCB and 5-HT systems plays a critical role in the regulation of stress-related behaviors and emotional states. Thus, understanding the detailed mechanisms by which eCBs modulate the excitability of DR 5-HT neurons has important functional implications. In this study, we show that the eCB, anandamide, inhibits glutamatergic synaptic transmission to DR 5-HT neurons. This inhibitory effect is mainly mediated by the activation of presynaptic CB 1 receptors and involves an inhibition of glutamate release. We have also shown that depolarization of DR 5-HT neurons can elicit the synthesis and release of eCBs, which in turn act as retrograde messengers on presynaptic CB 1 receptors and mediate DSE. As such, the results of this study unravel a previously unsuspected mechanism by which 5-HT neurons modulate glutamatergic synaptic transmission in the DR.
Activation of CB 1 receptors inhibits glutamate release in the DR
Early in vivo electrophysiological studies examining the effects of eCBs on the excitability of DR 5-HT neurons have reported that low systemic doses of eCBs or CB 1 receptor agonist increase the firing activity of DR 5-HT neurons, whereas high systemic doses of CB 1 agonist reduce the activity of these neurons (Gobbi et al., 2005; Bambico et al. 2007 ). The authors of these studies show that while the inhibitory effect is not mediated by CB 1 receptors, the increase in the firing activity appears to be induced by activating these receptors located in the prefrontal cortex, which provide excitatory inputs to DR 5-HT neurons (Bambico et al. 2007 ). However, it is unclear how the activation of CB 1 receptors which has been shown to inhibit the excitability of prefrontal cortex pyramidal neurons and reduce glutamatergic synaptic transmission (Auclair et al. 2000) can lead to an increase in the firing activity of DR 5-HT neurons. Contrary to these studies, using intracellular recording in brain slices preparation, we show that eCBs (e.g. This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on July 10, 2009 as DOI: 10.1124 at ASPET Journals on April 29, 2016 jpet.aspetjournals.org Downloaded from anandamide) profoundly inhibit glutamatergic synaptic transmission to DR 5-HT neurons without changing their intrinsic membrane properties. This inhibitory effect is exclusively mediated by the activation of CB 1 receptors. Blocking CB 1 receptors with AM 251 totally abolishes the eCB-mediated depression of eEPSCs. In addition, activation of CB 1 receptors with Win 212,212-2 mimics the effect of eCBs; in that it induces a profound inhibition of eEPSC amplitude, an effect blocked by AM 251. Based on these pharmacological results we concluded that eCBs suppress glutamatergic synaptic transmission to DR 5-HT neurons via the activation of CB 1 receptors located in the DR area. This conclusion is consistent with previous binding and immunohistochemical studies showing the expression of CB 1 receptors in the DR (Herkenham et al. 1991; Matsuda et al. 1993; Tsou et al. 1998; Häring et al. 2007 ).
Although results from previous anatomical studies have consistently reported the expression of CB 1 receptors in the DR (Herkenham et al. 1991; Matsuda et al. 1993; Tsou et al. 1998; Häring et al. 2007) , their exact sub-cellular distribution remains unknown. The findings that eCBs and synthetic CB 1 receptor agonists have no direct postsynaptic effect on the intrinsic membrane properties of DR 5-HT neurons, along with the observation that the activation of these receptors presynaptically inhibits glutamate release (see discussion below), indicate that these receptors are unlikely to be located on DR 5-HT neurons, but rather on glutamatergic terminals impinging on DR 5-HT neurons. However, future anatomical studies are required to further confirm this notion.
Several findings from the present study indicate that CB 1 receptor-induced inhibition of eEPSC amplitude is mediated by a decrease in glutamate release. First, the inhibition of eEPSC is This article has not been copyedited and formatted. The final version may differ from this version. consistently accompanied by an increase in both the PPR and CV, which generally indicates a reduction in the probability of neurotransmitter release. Second, activation of CB 1 receptors inhibits the frequency but not the amplitude of mEPSCs, which further indicates a decrease in glutamate release. These results are consistent with previous studies showing that activation of CB 1 receptors regulates neuronal excitability mainly by inhibiting neurotransmitters release, including glutamate in the cortex (Auclair et al., 2000) , amygdala (Azad et al. 2003) , hippocampus (Shen et al. 1996) and ventral tegmental area (Melis et al, 2004) .
DR 5-HT neurons can synthesize and release eCBs
An interesting finding of the present study is that depolarization of DR 5-HT neurons induces a DSE, a short-term depression of eEPSC amplitude. Examination of the cellular mechanism underlying DSE induction reveals that it is mediated by calcium-dependent eCB release from 5-HT neurons, which in turn stimulates presynaptic CB 1 receptors and inhibits glutamate release. This conclusion is supported by the observation that the depression of eEPSC amplitude during the DSE is consistently associated with an increase in PPR, indicating an inhibition of glutamate release. Furthermore, buffering postsynaptic intracellular calcium with the fast calcium chelator BAPTA blocks the induction of DSE. Finally, blockade of CB 1 receptors with AM 251 totally abolishes the DSE. Conversely, activation of CB 1 receptors with Win 55,212-2 not only mimics but also occludes the induction of DSE, indicating that it is mediated by eCBs released from DR 5-HT neurons. A similar DSE mediated by retrograde eCB signaling has been previously reported at glutamate synapses in several others brain area (Kreitzer and Regehr, 2001; Ohno-Shosaku et al. 2002; Melis et al. 2004) , indicating that eCB mediated retrograde modulation of This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on July 10, 2009 as DOI: 10.1124 at ASPET Journals on April 29, 2016 jpet.aspetjournals.org Downloaded from JPET#153858 20 synaptic transmission is a widespread mechanism that enables postsynaptic neurons to fine tune the strength of their synaptic inputs.
The DSE observed at glutamate synapses of DR 5-HT neurons decays with a time constant of about 30 s, which is similar to the decay of DSE observed at parallel fiber purkinje neuron synapses of the cerebellum (Tanimura et al., 2009 ) and mossy fiber granules neuron synapse of the dentate gyrus (Chiu et al., 2008) . Such decay time constant is somewhat slower than decay of the eCB-mediated depolarization induced suppression of inhibition (DSI) observed at GABA synapses (Wilson and Nicoll, 2001) . This probably reflects a difference in eCBs clearing between glutamate and GABA synapses in the CNS.
The finding that depolarization of DR 5-HT neurons can trigger the synthesis and release of eCBs is in agreement with previous reports showing that the DR expresses the enzymes responsible for eCB metabolism (Egertova et al. 2003) and contains a high concentration of eCBs, including anandamide (Petrosino et al. 2007) . It is interesting to note that recent in vivo biochemical studies have reported that the concentration of eCBs (i.e. anandamide) in the DR is correlated to the level of excitability of DR 5-HT neurons; in that an increase in the firing activity of these neurons is usually associated with an increase in the concentration of anandamide (Palazzo et al. 2006; Petrosino et al. 2007) . Similarly, we have previously shown that activation of orexin receptors, which induce a profound increase in the excitability of DR 5-HT neurons, triggers the release of eCBs (Haj-Dahmane and Shen, 2005) . Taken together, these studies combined with the present findings strongly support the notion that DR 5-HT neurons can synthesize and release eCBs in an activity-dependent manner, and that the release of these This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on July 10, 2009 as DOI: 10.1124 at ASPET Journals on April 29, 2016 jpet.aspetjournals.org Downloaded from messengers plays a more prominent role in the regulation of central 5-HT neurotransmission than previously anticipated.
Functional significance
Glutamatergic inputs to the DR have been shown to play an important role in regulating the in vivo firing and pacemaker activity of 5-HT neurons. Blockade of AMPA or NMDA receptors has been shown to reduce the firing activity of DR 5-HT neurons recorded in vivo (Levine and Jacobs, 1992) . Therefore, the CB 1 receptor-induced decrease in glutamatergic synaptic transmission to DR 5-HT neurons reported in the present study would likely lead to a decrease in the overall firing activity of DR 5-HT neurons, and presumably resulting in an inhibition of central 5-HT transmission. Consistent with this notion, recent in vivo neurochemical studies have reported that activation of CB 1 receptors reduces 5-HT release in the projection area of the DR 5-HT neurons (Nakazi et al. 2000; Tzavara et al. 2003) . On the other hand, blockade of CB 1 receptors has been shown to facilitate 5-HT release (Tzavara et al. 2003) . The present findings showing that activation of CB 1 receptors inhibits excitatory synaptic transmission to DR 5-HT neurons provides a potential cellular mechanism by which cannabinoid receptors suppress central 5-HT transmission.
DR 5-HT neurons are an integral part of the neural circuits that control anxiety-related behaviors (for review see, Gordon and Hen, 2004) . Thus, exposure to a variety of stressors has been shown to increase the activity of DR 5-HT neurons (Grahn et al. 1999; Maier and Watkins, 2005) . In addition, in animal models of anxiety, drugs that reduce serotoninergic activity can have an anxiolytic effect (Graeff et al. 1997) , whereas drugs that increase the activity of DR (Hammack et al. 2003) . Accordingly, the eCB-induced decrease in glutamatergic transmission to DR 5-HT neurons and the subsequent inhibition of 5-HT transmission may contribute, at least in part, to the anxiolytic effects induced by eCBs.
More importantly, because DR 5-HT neurons can release eCBs in an activity-dependent manner, it is tempting to speculate that exposure to a variety of stressors, which have been shown to activate DR 5-HT neurons (Maier and Watkins, 2005) could lead to an increase in eCB release in the DR. Such an increase in eCB signaling may play a role in the regulation of stress related anxiety behaviors. However, future studies examining the impact of stressors on eCBs release in the DR are required to explore this possibility. 
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